A variation of Gaussian-3 ͑G3͒ theory is presented in which the basis set extensions are obtained at the second-order Mo "ller-Plesset level. This method, referred to as G3͑MP2͒ theory, is assessed on 299 energies from the G2/97 test set ͓J. Chem. Phys. 109, 42 ͑1998͔͒. The average absolute deviation from experiment of G3͑MP2͒ theory for the 299 energies is 1.30 kcal/mol and for the subset of 148 neutral enthalpies it is 1.18 kcal/mol. This is a significant improvement over the related G2͑MP2͒ theory ͓J. Chem. Phys. 98, 1293 ͑1993͔͒, which has an average absolute deviation of 1.89 kcal/mol for all 299 energies and 2.03 kcal/mol for the 148 neutral enthalpies. The corresponding average absolute deviations for full G3 theory are 1.01 and 0.94 kcal/mol, respectively. The new method provides significant savings in computational time compared to G3 theory and, also, G2͑MP2͒ theory.
I. INTRODUCTION
The Gaussian-n series 1 of model chemistries have the goal of calculating molecular energies to high accuracy. We recently presented Gaussian-3 ͑G3͒ theory, 2 which achieves significantly improved accuracy compared to Gaussian-2 ͑G2͒ theory.
3 G3 theory is a new procedure for calculating energies of molecules containing atoms of the first and second row of the periodic chart based on ab initio molecular orbital theory. G3 theory uses geometries from second-order perturbation theory ͓MP2/6-31G͑d͔͒ and zero-point energies from Hartree-Fock theory ͓HF/6-31G͑d͔͒ followed by a series of single-point energy calculations at the second-order Mo "ller-Plesset ͑MP2͒, fourth-order Mo "ller-Plesset ͑MP4͒, and quadratic configuration interaction ͓QCISD͑T͔͒ levels of theory. The MP4 calculations are done with the 6-31G͑d͒ basis set and several basis set extensions. The QCISD͑T͒ calculation is done with the 6-31G͑d͒ basis set. The MP2 calculation is done with a new basis set, referred to as G3large, and includes core correlation at this level. The other single point energy calculations are done with a frozen core approximation. G3 theory is effectively at the QCISD͑T͒ ͑full͒/G3large level, making certain assumptions about additivity of the calculations. It also includes a spin-orbit correction, and a higher-level empirical correction. G3 theory was assessed on a total of 299 energies ͑enthalpies of formation, ionization energies, electron affinities, and proton affinities͒ from the G2/97 test set. 4, 5 The average absolute deviation from experiment of G3 theory for these energies is 1.01 kcal/ mol. For the subset of 148 neutral enthalpies of formation the average absolute deviation is 0.94 kcal/mol. The corresponding deviations for G2 theory are 1.48 and 1.56 kcal/mol, respectively. In addition, G3 theory requires less computational resources than G2 theory because of the replacement of the 6-311G basis set by the 6-31G basis in G3 theory. For example, for benzene it requires about one-half the cpu time, while giving a deviation from experiment of 0.6 kcal/mol compared to 3.9 kcal/mol for G2 theory.
The correlation methods in G3 theory are still computationally intensive and it is of interest to find modifications to reduce the computational requirements. In G2 theory it was found that the most demanding steps, calculation of the MP4 energies, could be replaced by a MP2 calculation. This method, referred to as G2͑MP2͒ theory, 6 requires significantly less computational time than G2 theory, but is less accurate. The average absolute deviation of G2͑MP2͒ theory is 1.89 kcal/mol for the G2/97 test set. A further modification, G2͑MP2,SVP͒ theory, 7 replaces the QCISD͑T͒/6-311G͑d,p͒ calculation in G2͑MP2͒ theory by a QCISD͑T͒/6-31G͑d͒ calculation to save additional time with essentially no change in accuracy ͑1.89 kcal/mol͒ compared to G2͑MP2͒.
In this paper we present a variation of G3 theory that uses a reduced Mo "ller-Plesset order similar to what was done for G2͑MP2͒ theory. In this method, referred to as G3͑MP2͒ theory, the basis set extensions are obtained at the MP2 level, thus eliminating the MP4 calculations. The QCISD͑T͒ calculation is the computationally most demanding step in G3͑MP2͒ theory. G3͑MP2͒ theory is assessed with the G2/97 test set and compared to the performance of G2͑MP2͒ and G3 theory. In Sec. II the theoretical methods used are described. In Sec. III the G3͑MP2͒ energies are presented and compared with experiment.
II. DESCRIPTION OF G3"MP2… THEORY
G3͑MP2͒ theory is based on MP2͑full͒/6-31G͑d͒ geometries using all electrons. A series of single point energy calculations are carried out at higher levels of theory. The subsequent calculations include only valence electrons in the treatment of electron correlation, i.e., frozen core ͑fc͒. The first higher level calculation is at the quadratic configuration interaction level of theory 8 with the 6-31G͑d͒ basis set, i.e., QCISD͑T͒/6-31G͑d͒. This energy is then modified by a series of corrections to obtain a total energy, E 0
The correction at the second-order Mo "ller-Plesset level ͑MP2͒ is given by
The G3MP2large basis set 10 is the same as the G3large basis set ͑see Ref. 2 for details͒ used in G3 theory, except that the core polarization functions ͑Table X in Ref. 2͒ are not included. The G3MP2large basis set differs from the 6-311ϩG͑3df,2p͒ basis set used in G2͑MP2͒ theory in three ways: ͑1͒ 2df polarization functions on the first-row atoms ͑Li-Ne͒ and 3d2f polarization functions on second-row atoms ͑Na-Ar͒, ͑2͒ a new 6-311G basis for S, Cl, and Ar which is optimized for the neutral atoms, and ͑3͒ diffuse functions on hydrogens. In addition, the MP2/G3MP2large calculation in G3͑MP2͒ theory is done with a frozen core ͑fc͒ approximation, whereas the MP2/G3large calculation in G3 theory includes all electrons in the correlation treatment.
The other corrections in Eq. ͑1͒ are similar to those in G3 theory and are discussed in more detail in Ref. 2 . The spin-orbit correction, ⌬E͑SO͒, is included for atomic species only. The spin-orbit correction is taken from experiment 11 where available and accurate theoretical calculations 12 in other cases. The spin-orbit corrections are listed in Table I . The zero-point correction, E͑ZPE͒, is obtained from scaled ͑0.8929͒ HF/6-31G͑d͒ frequencies. A ''higher level correction'' ͑HLC͒ is added to take into account remaining deficiencies in the energy calculations. The HLC is ϪAn ␤ ϪB(n ␣ Ϫn ␤ ) for molecules and ϪCn ␤ ϪD(n ␣ Ϫn ␤ ) for atoms ͑including atomic ions͒. The n ␤ and n ␣ are the number of ␤ and ␣ valence electrons, respectively, with n ␣ уn ␤ . The A, B, C, D values are chosen to give the smallest average absolute deviation for the G2/97 test set of experimental energies. For G3͑MP2͒ theory, Aϭ9.279 mhar- trees, Bϭ4.471 mhartrees, Cϭ9.345 mhartrees, and Dϭ2.021 mhartrees. This is a modification of the HLC used in G2͑MP2͒ theory which has two parameters, one for pairs of electrons in molecules and atoms and one for unpaired electrons in molecules and atoms. Modification of G3 theory to obtain G3͑MP2͒ theory is analogous to the modification of G2 theory to obtain G2͑MP2͒ theory. As in the case of G2͑MP2͒ theory, the G3͑MP2͒ energy requires only two single-point energy calculations. For G3͑MP2͒ theory the two calculations are QCISD͑T͒/6-31G͑d͒ and MP2͑fc͒/G3MP2large. The former calculation also provides the MP2͑fc͒/6-31G͑d͒ energy required for Eq. ͑2͒. The absence of the MP4/6-31G͑2df,p͒ calculation in G3͑MP2͒ theory compared to G3 theory provides significant savings in computational time and disk storage such that larger systems can be calculated. The relative cpu times are given for two examples, benzene and silicon tetrachloride, in Table II . The limiting calculation in G3͑MP2͒ theory is the QCISD͑T͒/6-31G͑d͒ calculation. For benzene, G3͑MP2͒ theory is about eight times faster than G3 theory. Compared to G2͑MP2͒ theory it is about three times faster for benzene. G3͑MP2͒ theory is similar in speed to G2͑MP2,SVP͒ theory. 7 All calculations in this paper were done with the GAUSSIAN94 computer program.
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III. ASSESSMENT OF G3"MP2… THEORY ON THE G2/ 97 TEST SET
The G2/97 test set 4, 5 contains 148 enthalpies of formation of neutrals ͑at 298 K͒, 88 ionization potentials, 58 electron affinities, and 8 proton affinities for a total of 302 reaction energies. In this assessment we have used the G2/97 test set less three ionization potentials (C 6 ) resulting in a total of 299 energies. These three ionization potentials are not included in order to make comparison with G2 and G2͑MP2͒ theories on an equal basis. These three ionization potentials were not calculated with G2 theory in Ref. 5 because of the size of the molecules. All of the average absolute deviations reported in this paper are for the 299 energies. The enthalpies of formation at 298 K were calculated as in Ref. 4 . The ionization potentials, electron affinities, and proton affinities were calculated at 0 K as in Ref. 5 .
G3͑MP2͒ theory, as defined in Sec. II, was used to calculate the energies of atoms, molecules and ions in the G2/97 test set. Table I contains the G3͑MP2͒ total energies of the atomic species and the spin-orbit corrections, ⌬E͑SO͒, that are included in the total energies. The G3͑MP2͒ total energies for the molecules and the MP2͑full͒/6-31G͑d͒ geometries are available elsewhere. 10 Table III contains the deviations of the G3͑MP2͒ enthalpies of formation from experiment for the G2/97 test set. The deviations of the ionization potentials, electron affinities, and proton affinities from experiment for the G2/97 test set are given in Tables  IV, V , and VI, respectively. Table VII contains a summary of the average absolute deviations of G3͑MP2͒ theory from experiment. Results for G2͑MP2͒ theory and G2 theory are also included in the table for comparison.
A. Comparison of G3"MP2… theory with other Gn theories
G3͑MP2͒ theory is significantly more accurate than G2͑MP2͒ theory. The results in Table IV for the 299 energies in the G2/97 test set indicate that the average absolute deviation from experiment improves from 1.89 kcal/mol for G2͑MP2͒ theory to 1.30 kcal/mol for G3͑MP2͒ theory. Similarly, G3͑MP2͒ theory is a significant improvement over G2͑MP2,SVP͒ theory, which also has an average absolute deviation of 1.89 kcal/mol. Contributions to the improvement come from the three modifications included in G3͑MP2͒ theory: The new higher level correction ͑HLC͒, the spin-orbit correction, and the G3MP2large basis set. Interestingly, G3͑MP2͒ theory also performs better than G2 theory, which has an average absolute deviation of 1.48 kcal/ mol. A detailed breakdown of the sources of improvement of G3 theory relative to G2 theory is given in Ref. 2 . For example, use of a four parameter HLC in G2 theory improves the average absolute deviation of G2 theory for the same set of 299 energies used here to 1.28 kcal/mol.
The average absolute deviations of G3͑MP2͒ theory are smaller than those of G2͑MP2͒ theory for enthalpies of formation, ionization potentials, and electron affinities ͑see Table VII͒ . These three quantities have average absolute deviations of 1.18, 1.41, and 1.46 kcal/mol, respectively, at the G3͑MP2͒ level compared to 2.03, 1.72, and 1.94 kcal/mol at the G2͑MP2͒ level. The only type of energy for which the accuracy decreases in G3͑MP2͒ theory is proton affinities, which has an average absolute deviation of 1.02 kcal/mol at the G3͑MP2͒ level compared to 0.77 kcal/mol at the G2͑MP2͒ level. In comparison to G2 theory, G3͑MP2͒ theory performs significantly better for enthalpies of formation of neutral species ͑1.56 vs. 1.18 kcal/mol͒. The average absolute deviations for ionization energies and electron affinities are only slightly larger for G3͑MP2͒ theory than for G2 theory.
The average absolute deviation of G3͑MP2͒ theory with G3 theory is also listed in Table VII . Overall the deviation is 0.61 kcal/mol. The largest absolute deviations between G3͑MP2͒ and G3 occur for enthalpies of formation of nonhydrogens ͑0.87 kcal/mol͒ and electron affinities ͑0.86 kcal/ mol͒.
Table VII presents the average absolute deviations for the enthalpies of formation of neutrals broken down into five different types: Nonhydrogen, hydrocarbons, substituted hydrocarbons, inorganic hydrides, and radicals. The results are improved compared to G2͑MP2͒ theory for all five subsets. The largest improvement in accuracy from G2͑MP2͒ to G3͑MP2͒ occurs for the substituted hydrocarbons for which the average absolute deviation decreases from 1.89 to 0.74 kcal/mol. The improvement for hydrocarbons is also very large: From 1.83 to 0.70 kcal/mol. For inorganic hydrides the improvement is from 1.20 kcal/mol to 1.03 kcal/mol, while for radicals the improvement is from 1.36 to 1.23 kcal/mol. G3͑MP2͒ theory improves for nonhydrogens compared to G2͑MP2͒ theory, from 3.24 to 2.12 kcal/mol. Despite the improvement, the average absolute deviation for nonhydrogens is still quite large.
In G3 theory it was found that the inclusion of core correlation improved the accuracy of the method as it decreased the average absolute deviation for the G2/97 test set from 1.09 to 1.01 kcal/mol. 2 The core correlation was found to be especially important for unsaturated ring systems such as benzene. Surprisingly, inclusion of core correlation using the G3large basis set that has core polarization functions ͑and re-optimization of the HLC͒ in G3͑MP2͒ theory in place of the G3MP2large basis increases the average absolute deviation from 1.30 to 1.43 kcal/mol ͑1.18 to 1.46 kcal/ mol for enthalpies of formation͒. We have not included core correlation in G3͑MP2͒ theory because it makes the method less accurate and, in addition, it requires more cpu time. The increase in the average deviation is unsatisfactory and we are investigating the underlying reasons.
B. Results for specific species
About 80% of the G3͑MP2͒ deviations fall within the range Ϫ2.0 to ϩ2.0 kcal/mol. This is substantially better than G2͑MP2͒ theory for which only 60% of the deviations fall in this range. For G3 and G2 theories 88% and 74% of the deviations, respectively, fall in this range.
Enthalpies of formation
Twenty-five of the 148 enthalpies of formation in the G2/97 test deviate by more than Ϯ2 kcal/mol from experiment at the G3͑MP2͒ level of theory compared to 59 for G2͑MP2͒ theory. Only eleven deviate by more than Ϯ3 kcal/ mol at the G3͑MP2͒ level compared to 31 for G2͑MP2͒ theory. The maximum deviation for G3͑MP2͒ theory is ϩ5.3 kcal/mol (CS 2 ) compared to 10.1 kcal/mol (C 2 F 4 ) for G2͑MP2͒ theory. Hence, G3͑MP2͒ theory is a significant improvement over G2͑MP2͒ theory both in terms of average absolute deviation and the number of species that have very large deviations ͑Ͼ3 kcal/mol͒. G3͑MP2͒ theory also does better than G2: 41 of the 148 enthalpies of formation at the G2 level deviate by more than Ϯ2 kcal/mol from experiment and the maximum deviation is 8.2 kcal/mol (C 2 F 4 ).
Sixteen of the enthalpies that have deviations of more than 2 kcal/mol at the G3͑MP2͒ level are in the nonhydrogen subset. Ten of these are in common with G3 theory ͑SO 2 , PF 3 
Ionization potentials, electron affinities, and proton affinities
Twenty-one of the 85 ionization potentials from G3͑MP2͒ theory in Table IV deviate by more than Ϯ2 kcal/ mol from experiment compared to 33 of the G2͑MP2͒ ionization potentials. The largest deviation occurs for B 2 F 4 ͑7.1 kcal/mol͒ and we have previously suggested that even though the quoted experimental uncertainty is small, there may be a problem with the experimental value because of the large geometry change. 6 In addition to B 2 F 4 , six of the G3͑MP2͒ ionization potentials differ by more than 3 kcal/ mol: Be ͑Ϫ5.4 kcal/mol͒, Na ͑3.2 kcal/mol͒, S ͑3.6 kcal/ mol͒. O 2 ͑Ϫ4.0 kcal/mol͒, CN ͑Ϫ4.7 kcal/mol͒, CH 3 F ͑Ϫ5.4 kcal/mol͒.
Fifteen of the 58 electron affinities from G3͑MP2͒ theory in Table V deviate by more than 2 kcal/mol compared to 28 for G2͑MP2͒ theory. Seven of the G3͑MP2͒ electron affinities deviate by more than 3 kcal/mol: Li ͑Ϫ7.5 kcal/ mol͒, B ͑4.5 kcal/mol͒, C ͑3.6 kcal/mol͒, O ͑3.3 kcal/mol͒, Na ͑Ϫ6.5 kcal/mol͒, NH ͑4.5 kcal/mol͒, C 2 ͑3.1 kcal/mol͒. Eight proton affinities are included in the G2/97 test set. The G3͑MP2͒ method performs very well for them͑see Table  VI͒ , with all of the deviations being less than 2 kcal/mol. The number of proton affinities in the G2/97 test set is limited, but the results suggest that G3͑MP2͒ theory should meet the target accuracy of 2 kcal/mol.
IV. CONCLUSIONS
Gaussian-3 ͑G3͒ theory with a reduced order of perturbation theory, G3͑MP2͒ theory, has been presented. It is analogous to the variation of G2 theory referred to as G2͑MP2͒ theory. The average absolute deviation from experiment of G3͑MP2͒ theory for the 299 energies is 1.30 kcal/mol and for the subset of 148 neutral enthalpies it is 1.18 kcal/mol. This is a significant improvement over G2͑MP2͒ theory, which has an average absolute deviation 1.89 kcal/mol for all 299 energies and 2.03 kcal/mol for the 148 neutral enthalpies. G3͑MP2͒ theory also does better than G2 theory which has an average absolute deviation of 1.48 kcal/mol. The G3͑MP2͒ method provides significant savings in computational time and disk storage.
